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Abstract 
Many in the geological carbon storage (GCS) arena are hopeful that the recent acceptance of carbon capture and 
storage (CCS) in the clean development mechanism will accelerate the implementation of new CCS projects around 
the world. Engineers and scientists trained in disciplines dealing with the deep subsurface will be needed to 
implement these carbon storage projects. In 2009, we initiated a program funded by the United States Department of 
Energy to increase workforce capacity for the GCS industry. One of our completed deliverables is the development 
and utilization of inquiry-based GCS teaching materials, CO2 Injection for Geological Storage, to cross-train 
professionals at workshops, to educate undergraduate and graduate students as part of a formal university curriculum 
and to provide professional development for pre-university science and math educators. 
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1. Introduction 
Many authors have brought attention to the importance of workforce capacity building and tertiary 
education for the implementation of carbon capture and storage technology, both in developed countries 
[1,2] and developing countries [3,4]. In particular, they have highlighted skill shortages due to an aging 
workforce [2], the success and shortcomings of workshop formats [3], the existence of relatively new 
programs set in place for training, such as U.S. Department of Energy Regional Carbon Sequestration 
Training Centers [5], the existence of courses at several universities for training scientists and engineers in 
carbon capture and storage for commercial projects [5], the design of degree programs related to carbon 
management science and engineering [1], and the human capacity challenge in the developed world [3,4]. 
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Although approaching a skilled workforce from different vantage points, all agree that development of 
skills and capacity required to support a future carbon capture and storage commercial program should be 
given high priority. 
In 2009, a group of scientists and engineers involved in carbon capture and storage at The University 
of Texas received funding from the U.S. Department of Energy to establish a training center. We 
established the STORE (Sequestration Training, Outreach, Research and Education) alliance to carry out 
the mission of developing a future workforce to support the commercial deployment of carbon 
sequestration technologies. We quickly found that one of the most important needs was for hands-on 
activities, including problem sets and demonstrations that could be easily adapted for use with three 
primary audiences: engineering and scientific professionals (e.g., retraining and continuing education 
workshops), graduate and undergraduate university students (e.g., overview and specialized coursework), 
and pre-university educators (e.g., professional development for science and math teachers educating 
future university students). The effectiveness of workshops on carbon capture and storage can be 
weakened by several factors, underscored by Bachu [3] in his work on building capacity in developing 
economies. These challenges exist in all workshop and training formats. One challenge is the need for 
presenters to have more than just good credentials, namely, the ability to help others understand complex 
concepts. Another is the difficulty for attendees when presentations are too elevated or detailed for the 
audience, or, in Bachu’s words, are “cobbled by the presenter from past presentations at scientific 
conferences where the audience consisted of his/her peers” [3].  These factors indicated to us the need for 
training materials with the goals of (1) providing experts with a guided format to present some of the 
complex concepts related to carbon storage, and (2) a set of tested activities, promoting hands-on, inquiry-
based learning, structured to enable the presenter to work more as a facilitator and expert mentor, rather 
than merely as a lecturer. 
In this paper, we present an overview of CO2 Injection for Geological Storage, a collection of teaching 
materials (e.g., Fig. 1) related to carbon sequestration that we have developed as part of STORE. We 
present detailed examples of specific concepts and the flow of the activities. In addition, we discuss some 
of the audiences to whom we have delivered these activities, and the informal assessments and formal 
evaluations of the programs. And finally, we reflect on lessons learned from the process, recommend 
extensions to complement the activities and adaptations for other purposes, and refer readers to locations 
where the activities are freely available for use. 
Fig. 1. CO2 Injection for Geological Storage activities have been taught for attendees at professional society meetings, including 
persons from industry, university and government. Above, university students participate in activities at the annual meeting of the 
Gulf Coast Association of Geological Societies in 2010. 
 Hilary Clement Olson et al. /  Energy Procedia  37 ( 2013 )  7257 – 7264 7259
2. Activity: Emissions from Fossil Fuels at the Global Scale 
At the United Nations Framework Convention on Climate Change climate negotiations (Copenhagen, 
2009; Cancún, 2010; Durban, 2011), countries agreed they should urgently act to reduce global 
greenhouse gas emissions, in order to stay within the 2°C maximum global warming target relative to pre-
industrial levels [6]. In order to fully appreciate the global scale of increasing CO2 levels and why it will 
take a global effort to reduce CO2 emissions, the first activity presents the learner with various statistics, 
resources and calculations used to express the scale of the problem. In this activity, we have learners 
examine data from three different countries: United States, China and Norway. Learners are provided 
with a worksheet, calculator, and a reference sheet (containing units, conversions, energy density and 
carbon emission factors). Instructors may choose to allow access to a computer for downloading data 
sources and to use spreadsheet programs for calculations, however, computer access is not mandatory. 
2.1. Fossil fuel consumption 
In the first part of the exercise, learners are asked to determine the total fossil fuel consumption for 
each of the three countries, U.S., China and Norway, in million tons of oil equivalent (MTOE). This 
problem introduces MTOE as a measure of energy content often used to compare fuel consumption, and 
in this problem, coal and oil consumption numbers are given in MTOE. However, because the data for 
natural gas consumption are given in BCF/day (thus, MTOE must be calculated), learners gain practical 
experience with the tools of units conversion and dimensional analysis. The worksheet provides space for 
calculations, as well as graphs for each country and a table of consumption data for the past decade to 
furnish a recent historical snapshot. Learners use data provided from the BP Statistical Review of World 
Energy [7] for oil, natural gas and coal consumption for each country, and are referred to the website 
where the full Excel workbook of historical statistical data from 1965-present [8] can be downloaded if 
desired. 
2.2. Rate of CO2 emissions 
The second problem is to determine the rate of CO2 emissions from each country for 2010. We give 
students the approximate amount of CO2 emitted in metric tons for burning one ton of each of the three 
types of fossil fuels. A common mistake made by students is to take all of the consumption values in 
MTOE (from problem 1) and multiply those values by the amount of CO2 emitted from burning oil (we 
use 3 tons CO2/ton oil). This error overestimates the emissions from burning natural gas and 
underestimates the emissions from burning coal. We therefore have established a self-check (or formative 
assessment), with the answer for the first calculation for CO2 emissions from natural gas given on the 
student worksheet. If students have the incorrect answer, it is a flag for them and the instructor that they 
have made a mistake. The solution set documents this kind of common error we have observed made by 
learners from all groups (professionals, university students and pre-university educators) and emphasizes 
the differences in energy content and carbon content between fossil fuels.  
2.3. CO2 emissions per capita 
The third problem is to determine the CO2 emissions per capita from each country in 2010. Students are 
given population statistics for each country on their worksheet, and directed toward the U.S. Census 
Bureau International Database [9] online as the source for the population data. 
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2.4. CO2 emissions per unit of gross domestic product 
The fourth problem is to determine the CO2 emissions per unit of gross domestic product (GDP) for 
each country. In our activities, we normalize monetary units to U.S. dollars, but the monetary unit could 
easily be changed depending on the nationality of students. Answers are requested in kg CO2/USD. 
Learners are given GDP statistics for each country on their worksheet, and directed toward the Central 
Intelligence Agency World Factbook [10] online as the source for the economic data. 
2.5. Summative Assessments 
A fifth item in this activity involves a short summative assessment of the student’s learning. A list of 
questions is given and students are put into small groups (~3 persons) for a short period of discussion. 
After a certain period of time, student groups are asked to report back to the instructor, who tabulates the 
responses to compile the opinions and reasoning of the students, and to assess their knowledge. 
3. Activity: Fayette County (Texas) Power Plant, Carbon Storage Design 
The second set of activities is an introduction to designing a carbon storage project. To make the 
engineering and scientific challenge concrete, the students are asked to design a local storage project for 
an actual coal-fired power plant. The exercises lead students through the process of injection-target 
identification and characterization from actual geological data. Once the target is chosen, CO2 phase 
behavior is evaluated for target-depth temperature and pressure. Storage requirements and achievable 
injection rates are then calculated by students to assess the pore space requirements and surface land 
footprint for the storage project. Societal and environmental impact issues are also examined through 
demonstrations and calculations related to seal integrity and capillary trapping.  Learners are provided 
with a worksheet and calculator. Instructors may choose to allow access to a computer for looking up 
density data for CO2.
3.1. Determining the amount of CO2 emissions 
In the first part of the exercise, students compute how much energy a local, coal-fired, power plant 
provides in a year, how much coal the plant requires, and the amount of CO2 ultimately generated by the 
power plant.  This problem involves making some unit conversions involving BTUs and Joules. The last 
part of this problem is to convert the rate of CO2 injection into oilfield units of millions of cubic ft per day 
(MMscfd). In the oilfields in the U.S., gas well rates are discussed in MMscfd, and this conversion allows 
relevance for professionals in the oil and gas business in the U.S. (Units could be adapted to the standards 
of any country.) The learner is asked how the production rate from an average gas well in the U.S. (0.1 – 
1.0MMscfd) compares to the rate of CO2 generation for this one power plant. Both in the U.S. and other 
countries, learners should find out the number of coal-fired plants in country. These questions allow 
students to pause and think about how much CO2 would be handled by a carbon storage industry. 
3.2. Determining subsurface CO2 volumes 
In the second series of questions in the exercise, students are asked to follow the premise that this 
process would work best without requiring significant transportation of the gas. They must now look at 
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the local geology around the power plant to study a prospective injection zone (the G-2 unit in the lower 
Wilcox).  Provided with a wireline log and a core log of a natural gas well from a nearby producing field 
[11], students use that geology to construct the injection scenario, estimating porosity, permeability and 
net pay thickness. To prepare for injection operations, and to determine the density of the CO2 at storage 
depth, learners must calculate the temperature and pressure of the reservoir at depth using typical 
hydrostatic pore pressure gradient and typical Gulf Coast geothermal gradient. Density charts are 
available for CO2, or students can also consult WebGasEOS [12], a free online application, which 
provides a fast and robust means of computing real gas properties using common cubic equations of state. 
While assessing the geology, a discussion question is introduced to focus the learner on depositional 
environments related to coal deposits in coal basins (where many power plants are located), and the 
physical properties of rocks deposited in that environment. We have had students participate in an 
extension to this activity, where they describe the actual Wilcox core itself (housed at the Bureau of 
Economic Geology in Austin, Texas). A few details about this extension are given below in section 5. 
3.3. Determining areal extent 
In the third part of this exercise, students calculate the volume of CO2 to be stored at reservoir 
conditions (assuming storage of 90% of the CO2 from the plant for a period of 30 years). Next, learners 
are ready to determine the footprint of the storage operation. They need to calculate the bulk reservoir 
volume required for storage using a CO2 saturation of 0.5 and the porosity of the net pay they chose for 
the G-2 unit of the Wilcox. Students next use the net pay value (thickness) determined from the core 
description and an assumed cylindrical storage volume to compute the areal extent of the storage reservoir. 
This number represents the amount of land for which they would have to lease pore space. Learners are 
then informed that this area is very optimistic, because the physical processes involved in CO2 displacing 
native brine cause the CO2 to fill only a fraction of the assumed cylinder. Depending on the audience, this 
provides an opportunity to go into more depth about the challenges posed by the scale of GCS.
3.4. Trapping CO2 in geologic formations 
In the fourth segment of the exercise, students evaluate whether there is a secure seal for the storage 
target. The students are given a particular pore throat size and the basic equation for capillary pressure of 
a column of buoyant fluid. Using the former, they compute the capillary entry pressure for the seal (G-1 
unit of the Wilcox). Using this result and the equation, they assess whether the capillary pressure at the 
top of a column of CO2 in the formation will exceed the capillary entry pressure and cause leakage. At 
this time we also include a hands-on exercise of a capillary seal. Tubes packed with two different sizes of 
beads are filled with a hydrocarbon phase (top third) and water (bottom two thirds). Half the tube is 
packed with one size of beads, the other half with a different size. (Note: tubes differ one from the other 
in the sizes of the two different beads, so some tubes illustrate a successful capillary seal and others 
illustrate the lack of same.) When the tubes are inverted (so that the part containing hydrocarbon phase is 
at the bottom), buoyancy causes the hydrocarbon to rise and water to fall. By observing the distance that 
hydrocarbon rises in each tube, and looking at the differences between their tube and those of their peers, 
students can observe how a two-phase system can have trapping of the non-wetting phase due to change 
in pore throat size (from large diameter beads below to sufficiently small diameter beads above).  
3.5. Estimating storage rates 
In the fifth part of the exercise, students must now determine whether or not the desired rate of CO2
injection can be achieved without compromising the integrity of the formation. Having established that 
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there is enough pore volume to store the CO2, and there is a seal to keep it in place, students conclude 
with a determination of whether they can inject the CO2 at sufficient rate to keep up with the generation at 
the power plant.  This entails determining the required injection pressure to achieve the required rates, but 
avoid exceeding the upper limit on injection pressure near which hydraulic fracturing will occur. We 
make the assumption of steady state pressure profile in the aquifer to enable the students to make a simple 
analytical calculation for the possible injection rate under reasonable conditions. But, we caution learners 
that we would not have steady state, typically, unless we had producers that were moving brine from the 
reservoir to balance the injection of CO2. The injection-only scenario will typically cause an increase in 
reservoir pressure with time, which would result in decreasing injectivity with time. If we wanted to solve 
the problem for non-steady state, it would be a more involved calculation using either concepts from 
fractional flow theory or numerical simulation, both of which are beyond the scope of this introductory 
exercise. This simple analytical approach allows students to look at several important factors that 
influence injection rate, whether steady or unsteady: wellbore pressure allowed (must be maintained 
below fracture gradient), viscosity of CO2 and of brine at reservoir conditions (super critical because of 
depth of this reservoir), the kh (permeability-thickness product) of the target formation (a result of 
geology determined from logs and cores), the wellbore condition (vertical or horizontal, damaged or 
stimulated), and drainage area geometry. The conclusion is that multiple wells are required to get 
acceptable rates (inject it as fast as the power plant produces it). This increases the cost of the operation 
considerably and expands the surface impact from drilling and injection operations. 
4. Audiences and evaluation 
These activities have been delivered in a variety of settings, including: teacher professional 
development workshops given by TXESS Revolution [13] and STORE, professional society workshops 
hosted by Gulf Coast Association of Geological Societies and Society of Petroleum Engineers, training 
for University of Stavanger students at Chevron in Houston, and numerous undergraduate and graduate 
level classes in the Department of Petroleum and Geosystems Engineering at The University of Texas at 
Austin. The most formal evaluations took place as part of the teacher professional development 
workshops and were administered by TXESS Revolution. Teachers were given pre- and post-tests and 
showed significant gains in knowledge based on metrics used by the U.S. Department of Education’s 
Mathematics and Science Partnerships program. Informal evaluation and feedback from workshops and 
classes helped us further refine the activities. The biggest adjustments we made were trying to streamline 
the activity so that fairly complex concepts could be taught in a 3- to 4-hour time period.  
5. Lessons learned, extensions and adaptation 
A valuable lesson learned in the course of teaching the activities to a variety of audiences, was the 
importance of carefully monitoring learners to make sure they did not get frustrated by going down the 
wrong path, specifically in the Rate of CO2 Emissions problems (see 2.2 above). Inserting formative 
assessments and self-checks helped instructors monitor student progress and allowed students to self-
assess along the way. Discussion questions were an important mechanism for allowing learners to see the 
bigger picture for the implementation of carbon storage technology.   
In addition, the role of the instructor cannot be underestimated. Rather than an expert who is lecturing 
to a room of learners, the classroom is restructured so that the students lead the pace of the activity, and 
seek out the instructor as an expert resource and mentor during the exercise. Because the instructor is able 
to walk around the room and work with individual students, s/he can better observe the level of learning 
 Hilary Clement Olson et al. /  Energy Procedia  37 ( 2013 )  7257 – 7264 7263
and hear student discussions that could indicate any misconceptions that may need to be addressed in the 
classroom.  
Bryant and Olson [1] underscored that a solid understanding of geologic principles is key to any 
subsurface endeavor, and it is, therefore, important for students to appreciate the potential for 
heterogeneity and the reality of data-poor analysis involved in subsurface projects. An excellent way to 
emphasize the geological aspects of the activities, especially when teaching petroleum engineers, is to 
incorporate a core description lab into the exercise (Fig. 2a). Because the core used in the activity (Mobil 
Lake Creek Unit #48) is available at the Bureau of Economic Geology at our university, this extension is 
fairly easy for us to implement with university students.  
These activities are freely available from the STORE website (www.storeco2now.com) for use with 
citation. The authors believe that the structure of the activity lends itself well to adaptation for use in other 
areas of the world. Countries, power plants, storage formations, units and other aspects can be adapted to 
appeal to local interests, but the general framework can remain the same. As an example, when we taught 
the workshop for students from University of Stavanger (Fig. 2b), we expanded the countries in the first 
set of activities on ‘Emissions from fossil fuels at the global scale’ to include not only U.S. and China, but 
also Norway. Another adaptive technique could be to integrate local cores in the area of instruction into 
the activity, much as we added a core workshop on the Wilcox as an extension to the activities.   
Fig. 2. (a) Petroleum engineering students from a graduate course in geology at The University of Texas at Austin examining 
Wilcox core referenced in CO2 Injection for Geological Storage activities; (b) A graduate student from The University of Texas at 
Austin (standing) assists with CO2 Injection for Geological Storage activities at a workshop for petroleum engineering students 
from the University of Stavanger held at Chevron in Houston. 
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